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ABSTRACT 


_jlecent  developments  in  X  and  Gamma  Ray  spectrometry  and  Infra-red 
detection  require  the  use  of  Junction  Field-Effect  Transistors  (JFets) 
which  exhibit  very  low  levels  of  noise  in  the  frequency  range  from  a  few 
Hertz  to  ]OOKHz.^.l-n-many~appl-icat.iont»--tbe~opt'imu'm’  performance  is  achieved 
by-cooling- the  detector  in  a  cryo  stat,  .  and.  .the...  detector  and  JFet  may 
operate  at  a  terape/ature  as • low  as  80?K. 

It— has  bp-en  shown  that  the  low  frequency— noise  of  JFets  is  strongly 
dependent-on-deviee-operating-  parameters  and-  -cair  vary  greatly  between 
simLLaE— — devi-ces — '~operatrhrg'"Und6r  'the  same  -  conditions'.  -  In  order  ;:o 
investigate- the--sourees  of-low  frequency--noise  further,  and  to  select  JFets 
for — us'e-  vith  detector  systems,-  it  -ha-s-been-  necessary  to  accurately  measure 
the  dow  frequency  noise  performance  of  devices  over  a  wide  range  of 
op«atiog--cond  i  t  ions  . 

— J®' A  micro-computer  controlled  equipment  has  been  developed  which  can 
measure  the  noise  of  Fets,  NPN  and  PN  bipolar  transistors  in  the  frequency 
range  10Hz  to  lOPKHz,  to  a  greater  accuracy  than  that  obtainable  from 
available  equipment.  The  device  operating  parameters  may  be  varied  under 
computer  control,  allowing  noise  measurements  to  be  performed  automatically 
over  a  range  of  conditions.  When  measuring  four-terminal  (or  tetrode) 
Fets,  the  substrate  voltage  may  be  varied  independently  of  the  gate 
voltage.  ”  / 
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1-  Tb?  varutioo  of-  Che  low  frequency  noise  of  a  JFet 
with  substrate  voltage  and  temperature. 

2-  Photograph  of  the  Koise  Measuring  Equipaeut. 

3.  Block  diagraa  of  the  noise  equipcent. 

4.  Block  diagraa  of  the  K-chennel  pre-aaplifier. 


5.  Schesatxc  diagraa  of  the  drain  voltage  control  circuit. 


6.  Schematic  diagraa  of  the  gate  voltage  control  circuit. 


7.  Scheaatic  diagraa  of  the  drain  current  control  circuit. 


8.  Schematic  diagraa  of  the  Filter  Interface. 


9-  Schematic  diagraa  of  a  filter  channel. 


10.  Schematic  diagraa  of  a  pseudo-randoa  sequence  generator. 
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1.  INTROtOCTIOS 


High  rssobcios  X  and  Casa*  My  Spectroottry  and  Infra-red  detection 
^  »y* teas  retire  a  pre-amplifier  with  a  lav  noise  transistor  irput  to 
amplify  the  detector  signal  before  2t  is  processed  by  a  jxilse -shaping 
network  to  optimise  the  signal-to-eoise  ratio  (SNR).  The  noise  of  the 
is  pot  transistor  usually  licit*  the  SNR  that  cay  be  achieved,  and  the 
nature  of  the  signal  processing  cethod  employed  is  such  that  capacitance 
and  leakage  current  at  the  input  to  the  pre-amplifier  both  degrade  the  SNR. 
In  order  to  achieve  low  noise  with  low  capacitance  and  low  leakage  wall 
'gate  area  JFets  are  used.  In  some  applications  the  opticus  SNR  is  obtained 
by  processing  the  detected-  slgaal  for  tine  periods  up  to  10=s  or  sore,  and 
under  these  conditions  it  is  the  noise  of  the  input  JFct  at  frequencies 
down  to  a  few  Hertz  which  limits  the  SNR. 


■■  It  has  been  shown  (1,2,3)  that  the  cost  significant  source  of  low 
frequency  noise  in  snail  gate  area  JFets  is  the  drain  current  modulation 
caused  by  charge  transitions  in  single  point  defects  situated  close  to  the 
edge  of  the  channel  and  near  the  pinch-down  region  of  the  device.  The 
magnitude  of  the  low  frequency  noise  is  critically  dependent  on  device 
operating  conditions  and  cay  show  large  peaks  as  a  function  of  tesperature, 
drain  current  and  substrate  voltage.  An  example  of  the  variation  of  low 
frequency  noise  with  substrate  voltage  and  tesperature  is  shown  in  Figure 
1.  This  illustration  demonstrates  the  need  to  undertake  aany  noise 
oeasurecents  over  a  range  of  conditions  in  order  to  establish  the  operating 
point'  for  o*p£imun  noise  performance. 

A  fully  automatic  noise  measuring  equipment  has  been  developed  for 
measuring  the  noise  of  Fets  in^the  frequency  range  IGHz  to  lOOKHz  and  at 
tesperatures  between  79°X  and  350' X.  Drain  and  substrate  voltages  may  be 
varied  between  0V  and  10V  and  drain  current  between  lOGpA  and  100mA.  Tne 
equipaent  nay  also  be  used  for  ceasuring  the  noise  of  N?N  and  PNP  bipolar 
transistors.  The  device  operating  conditions  are  accurately  defined  and 
devices  nay  be  measured  with  noise  levels  between  0.3  nVolts  per  root  Hertz 
and  2pVolts  per  root  Hertz,  (see  Note  1).  The  transistor  operating 
parameters  and  execution  of  the  noise  oeasurecents  are  controlled  with  a 
micro-computer.  The  cooputer  provides  a  digital  read-out  of  the  noise 
ceasureoent,  elioinating  the  common  problea  of  human  error  associated  with 
reading  a  meter.  Sc«e  typical  noise  measurements  performed  with  the 
equipment  arc  given  in  Appendix  A. 


2.  CENERAL  DESCRIPTION 

The  general  problea  in  the  measurement  of  noise  in  amplifying  devices 
is  that  of  knowing  the  magnitude  of  the  gain  and  bandwidth  of  the  following 
amplifiers  and  filters.  The  noise  of  devices  is  required  to  be  known  at 
particular  frequencies.  However,  filters  of  finite  bandwidth  must  be  used 
and  the  difficulty  arises  in  determining  their  actual  effective  bandwidth. 
Th^se  problems  arc  overcome  here  by  the  use  of  a  calibrated  and  very  stable 
noise  source.  Following  the  measurement  of  the  amplitude  of  the  noise  of 
the  device  under  test,  the  equipment  is  calibrated  by  performing  a  second 
measurement  after  introducing  a  well  defined  white  noise  source  whose 
amplitude  is  very  much  greater  than  the  noise  of  the  device.  The  actual 
magnitude  of  the  device  noise  is  then  obtained  by  solving  a  simple 
equation. 

NOTE  1:  It  is  common  practice  to  measure  noise  power 

per  unit  bandwidth,  and  therefore  noise  voltage  is 
measured  per  root  frequency. 
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In  this  equip&cnt  'Jie  device  under  test  fores  the  input  stage  of  an 
amplifier.  The  remainder  of  this  first  amplifier  is  designed  to  have  a 
very  low  and  well  defined  noise  performance,  allowing  noise  sources  in  the 
amplifier  to  be  subsequently  accounted  for  when  the  noise  of  the  device  is 
finally  calculated  in  the  micro-computer.  To  prevent  extraneous  noise  from 
corrupting  the  measurement,  the  first  and  second  stage  amplifiers  are 
contained  in  a  fully  screened  free  standing  module  (figure  2). 

The  device  noise  after  considerable  amplification  is  passed  to  various 
filters  of  different  frequencies  between  10Hz  and  lOOKHz.  The  filtered 
noise  signal  is  rectified  and  smoothed  and  is  used  to  generate  a 
pulse-train  with  a  frequency  proportional  to  the  rms  magnitude  of  the  noise 
signal.  The  pulses  are  counted  in  scalers  for  a  defined  tiee  period. 

A  block  diagram  of  the  noise  measuring  equipment  is  shown  in  figure  3. 
3.  PRE -AMPLIFIER 

The  pre-amplifier  controls  the  operating  conditions  of  the  device 
under  test  and  amplifies  the  noise  signal  typically  over  the  3d3  frequency 
band  1Hz  to  1MHz. 

In  order  to  achieve  the  best  possible  noise  performance  whilst 
maintaining  a  rapid  response  to  changes  in  device  operating  conditions,  it 
has  been  necessary  to  provide  separate  pre-amplifiers  for  measuring  the 
noise  of  N-channcl  Fets,  P-ch3nnei  Fets,  KPN  and  PNP  transistors.  Noise 
measurement  accuracy  is  maintained  over  a  range  of  drain  or  collector 
currents  by  optimising  the  design  of  each  pre-amplifier  for  a  particular 
current  range,  and  separate  units  are  provided  for  operating  over  different 
current  ranges.  A  discussion  of  the  limitations  to  the  drain  current  range 
is  given  in  Appendix  B. 

The  device  operating  conditions  are  determined  by  well  defined  and 
stable  voltage  levels  (parameter  control  signals)  which  are  generated  by 
the  Transistor  Parameter  Controller  and  transferred  to  the  pre-amplifier  by 
the  Pre-amplifier  Controller,  along  with  other  control  signals  and  power 
supplies. 

The  design  of  each  pre-amplifier  is  broadly  similar;  for  example,  the 
N-channel  and  P-channel  units  are  nearly  identical  except  for  a  voltage 
polarity  change  in  the  first  stage  amplifier  and  the  parameter  control 
circuits.  The  bipolar  pre-amplifiers  differ  from  the  Fet  units  only  in  the 
method  for  controlling  the  base  voltage  of  the  device  under  test.  Each 
pre-amplifier  has  a  unique  identity  code  which  can  be  read  by  the 
micro-computer.  The  N-channcl  pre-amplifier  only  is  described  here,  and 
the  base  voltage  control  in  the  NPN  pre-amplifier  is  discussed  briefly  in  a 
later  section. 


3.1  N-Channel  Pre-amplifier 

A  block  diagram  of  the  N-channel  pre-amplifier  is  shown  in  figure  4. 
The  device  under  test,  Tl,  is  at  the  input  of  a  preliminary  amplification 
circuit  incorporating  a  cascode  transistor  T2,  source-follower  T3  and 
feed-back  components  Cl,  Rl  and  R2.  The  substrate  voltage,  drain  voltage 
and  drain  current  are  precisely  controlled  and  the  gate  voltage  is 
automatically  biased  to  the  correct  operating  voltage.  The  first  stage 
gain  is  determined  by  Rl  and  R2,  and  is  dependent  on  the  drain  current 
range  of  the  pre-amplifier.  The  open  loop  gain  of  the  first  stage 
amplifier  is  proportional  to  the  mutual  conductance  of  the  device  which 
increases  approximately  as  the  square  root  of  the  drain  current.  To  ensure 


that  the  demanded  gain  is  always  less  than  the  open  loop  gain,  the  demanded 
first  stage  gain  has  been  reduced  in  pre-amplifiers  which  operate  over  a 
low  current  range*  The  reduction  of  signal  gain  at  low  currents  is 
advantageous  as  the  noise  of  devices  generally  increases  as  the  drain 
current  decreases. 

The  csscode  current,  1c,  is  generated  from  a  low  noise  constant 
current  circuit.  To  caintain  the  accuracy  of  the  drain  current  setting  at 
low  drain  currents,  Ic  is  chosen  to  be  smaller  than  the  lower  limit  of  the 
current  range  of  the  pre-amplifier,  but  sufficiently  large  for  T2  to  have  a 
good  frequency  response  and  low  emitter  resistance  noise. 

The  first  stage  of  amplification  is  followed  by  a  second  stage 
vide-band  discrete  amplifier,  Al,  with  a  low  noise  Fet  input.  The  two 
stages  provide  a  total  gain  of  between  2,500  and  15,000  depending  on  the 
current  range.  A  voltage  coeparator  at  the  output  of  Al  signals  when  the 
aaplifier  circuit'  is  teeporarily  out  of  balance,  which  cay  occur 
immediately  after  changing  the  operating  parameters  of  Tl,  for  example. 

3.1.1  Paraaeter  Control  Circuits 

An  important  feature  of  the  noise  measuring  equipment  is  its  ability 
to  rapidly  change  the  device  operating  conditions  between  noise 
measurements,  while  caintaining  a  high  level  of  noise  filtering  in  the 
paraaeter  control  circuits  during  the  aeasurecent  period.  This  has  been 
achieved  by  incorporating  a  dynamic  filter  network  using  an  Operational 
Transconductance  Aaplifier  (OTA)  in  each  of  the  paraaeter  control  circuits. 
The  OTA  is  used  with  a  feedback  loop  which  supplies  current  to  a  capacitor, 
adjusting  the  volt3ge  on  the  capacitor  until  the  circuit  is  balanced.  The 
OTA  and  capacitor  provide  a  filter  network  with  a  time  constant  dependent 
on  the  gain  Ao  of  the  OTA,  which  can  be  varied  by  applying  an  external  bias 
current. 

During  the  noise  measurement  period  Ao  is  sufficiently  small  for  the 
noise  at  the  input  to  the  OTA  to  be  adequately  filtered.  Following  a 
change  in  device  operating  conditions  Ao  is  increased,  shortening  the 
filter  time  constant  and  allowing  the  parameter  control  circuit  to  respond 
rapidly. 

A  schematic  diagram  of  the  drain  volage  control  circuit  is  shown  in 
figure  5.  The  drain  voltage  control  signal  is  filtered  by  Al  and  Cl  and 
generates  a  well  defined  voltage  at  point  Pi.  Transistor  T2  provides  a 
voltage  drop  equal  to  the  base-emitter  voltage  of  the  cascode  transistor, 
setting  the  drain  voltage  of  the  device  under  test  to  be  equal  to  Che 
voltage  at  Pi.  The  gain  of  Al  is  varied  by  applying  a  control  signal,  (the 
Initialise  signal),  to  change  the  current  into  the  bias  input  of  Al . 

A  similar  circuit  is  provided  for  setting  the  substrate  voltage,  but 
to  minimise  the  injection  of  noise  into  the  Fet,  the  capacitor  and 
substrate  are  connected  directly  to  the  output  of  the  OTA,  which  is  wired 
as  a  simple  voltage  follower.  The  gain  of  the  OTA  determines  the  maximum 
current  which  it  may  supply,  thus  setting  a  maximum  limit  to  the  substrate 
leakage  current  which  may  be  allowed. 

Figure  6  is  a  schematic  diagram  of  the  gate  voltage  control  circuit. 
OTA  Al  adjusts  the  gate  bias  of  the  device  under  test  Tl  until  the 
inverting  input  of  the  second  stage  amplifier  is  at  sero  volts.  The  gain 
of  Al  during  the  noise  measurement  period  determines  the  maximum  allowed 
gate  leakage  current.  An  additional  OTA,  A3,  and  buffer  aaplifier  A2 
provide  a  protect  circuit  which  can  clamp  the  gate  of  Tl  to  2ero  volts. 


During  normal  operation  the  gain  of  A3  is  zero  and  the  gate  of  Tl  is  set-  at 
its  operating  voltage.  When  the  device  under  test  is  changed,  a  control 
signal  (the  Protect  signal)  is  automatically  triggered  and  increases  the 
gain  of  A3,  driving  current  into  Cl  until  the  gate  voltage  has  reached 
■'zero.  A  similar  protection  circuit  is  incorporated  in  the  substrate 
control  circuit,  and  the  device  cay  be  reooved'or  inserted  with  power  on 
without  causing  daaage. 

A  schematic  diagraa  of  the  drain  current  control  circuit  is  shown  in 
figure  7.  To  allow  the  drain  current  to  be  varied  over  as  large  a  range  as 
possible  while  oaintaining  noise  ceasureoent  accuracy,  it  has  been 
necessary  to  generate  the  drain  current  supply  froo  a  *60V  supply  line.  A 
detailed  discussion  of  noise  sources  and  limitations  to  the  drain  current 
dynamic  range  is  given  in  Appendix  B. 

The  problem  of  coupling  the  OTA  amplifier,  Al,  to  the  +60V  line  has 
been  overcoae  by  using  opto-couplers,  OTI  and  0T2.  The  opto-couplers 
supply  current  to  capacitor  Cl  which  adjusts  the  voltage  at  point  P2  until 
sufficient  current  flows  through  R4  to  balance  the  circuit.  The  drain 
current  is  supplied  through  transistors  T4  and  T5  and  is  determined  by  the 
aagnitude  of  R6  and  R7.  Resistor  R8  supplies  a  nearly  constant  current  Ic 
which  is  approximately  equal  to  the  cascodc  current.  The  aagnitude  of  Ic 
is  dependent  on  the  drain  voltage  to  a  small  degree,  and  in  order  to  reduce 
the  error  in  the  drain  current  setting  to  less  than  1Z  the  micro-computer 
applies  a  small  correction  to  the  drain  current  which  takes  into  account 
variations  cf  Ic  with  drain  voltage. 

3.1.2.  Noise  Considerations 

The  essential  requirement  of  a  circuit  for  amplifying  noise  is  that 
the  contribution  to  the  output  noise  signal  from  elements  in  the  circuit  is 
snail  compared  tc  the  contribution  from  the  device  under  test,  and  that 
these  additional  noise  souces  are  well  defined  and  stable  and  may  be 
subtracted  from  the  total  noise  measurement . 

The  most  significant  excess  noise  contributions  are  froo  noise  sources 
which  are  introduced  directly  into  the  device  under  test  or  into  the  first 
stage  of  amplification.  These  are,  with  reference  to  figure  4, 

(i)  the  thermal  noise  of  resistor  Rl, 

(ii)  the  emitter  resistance  and  base  spreading 
resistance  of  the  cascode  transistor,  T2. 

(iii)  the  base  current  noise  of  T2. 

(iv)  noise  from  the  parameter  control  circuits. 

Rl  is  a  highly  stable  metal  film  resistor  with  a  accurately  known 
value  of  between  and  10iu»  depending  on  the  current  range  of  the 
pre-amplifier.  The  value  of  Ri  is  reduced  in  the  higher  current 
pre-amplifiers,  and  the  first  stage  gain  subsequently  decreased,  in  order 
to  match  the  lower  noise  and  higher  mutual  conductance  of  the  device  under 
test.  A  subtraction  of  the  noise  of  Rl  is  performed  in  the  noise 
measurement  calculation. 

The  requirements  of  the  cascodc  transitor  are  that  it  must  possess  a 
high  forward  current  gain  (Hfe)  and  low  base  and  emitter  resistance  noise 
at  the  demanded  cascode  current.  The  characteristics  of  the  cascode 
transistor  are  matched  to  the  drain  current  range  of  the  pre-amplifier,  and 


devices  cay  be  found  which  contribute  less  than  IZ  to  the  noise  measurement 
of  the  device  under  test. 

The  substrate  voltage,  gate  voltage  and  drain  voltage  control  circuits 
provide  sufficient  noise  filtering  for  their  contribution  to  the  total 
noise  signal  to  be  negligible.  A  discussion  of  noise  sources  in  the  drain 
current  supply  circuit  and  liaitations  to  the  drain  current  dynamic  range 
is  given  in  Appendix  B.  In  brief,  the  oagnitude  of  the  excess  noise 
injected  into  the  drain  of  the  device  under  test  is  dependent  on  the  noise 
in  the  fixed  resistor  through  which  the  current  is  supplied,  and  the  noise 
in  the  voltage  supply  line. 

In  order  to  licit  the  error  in  the  noise  measurement  to  a  few  percent 
while  providing  a  drain  current  dynaoic  range  of  at  least  10:1  in  each 
pre-aaplifier ,  it  has  been  necessary  to  generate  the  drain  current  froa  a 
+60V  supply  line.  A  sufficiently  low  noise  voltage  supply  has  been 
obtained  by  designing  a  mains  operated  unit  which  incorporates  choke-input 
filters  and  sophisticated  stabilisation  circuits.  The  power  supply  is 
discussed  in  a  later  section.  Additional  filtering  of  the  voltage  supply 
is  provided  in  the  pre-aoplif ier ,  and  the  noise  contribution  froa  the  +60V 
supply  is  negligible.  However,  a  saall  correction  of  a  few  percent  is  made 
in  the  noise  measurement  calculation  to  subtract  the  noise  of  the  fixed 
resistor  which  supplies  the  drain  current. 

3.1.3  Calibration 


The  noise  measuring  equipment  is  calibrated  by  introducing  a  very 
stable  and  precisely  defined  white  noise  source  into  the  input  of  the 
pre-aoplif ier  after  each  noise  measurement.  This  technique  of  automatic 
calibration  eliminates  the  effect  of  small  variations  in  the  gain  of  the 
pre-amplifier  which  may  occur  as  a  result  of  changes  in  device  operating 
conditions,  as  well  as  removing  the  need  to  establish  the  exact  gain  and 
bandwidth  of  the  filter  circuits. 

A  white  noise  source  is  generated  using  a  pseudo-random  sequence 
generator  whose  amplitude  is  accurately  known  in  the  range  10Hz  to  lOOKHz. 
Generation  of  the  calibrated  noise  signal  is  discussed  in  a  later  section. 

Two  modes  of  calibration  are  provided.  With  reference  to  figure  4, 
the  first  method  involves  introducing  the  calibration  signal  through  a 
stable  resistor  network,  R1  and  R2,  into  the  gate  of  the  Fet  under  test. 
Rl  and  R2  attenuate  the  calibration  signal  by  an  accurately  known  factor, 
and  the  noise  measurement  is  calibrated  in  terms  of  the  equivalent  noise 
voltage,  En,  referred  to  the  gate  of  the  device. 

In  some  applications  it  is  more  convenient  to  refer  to  the  equivalent 
noise  current  Ino  in  the  drain,  as  the  thermal  noise  current  of  Fets  is 
almost  independent  of  substrate  voltage  and  temperature.  Methods  for 
measuring  Ino  usually  rely  on  measuring  En  and  the  mutual  conductance  of 
the  device  separately.  Here,  the  noise  current  measurement  may  be  directly 
calibrated  by  introducing  the  calibration  signal  through  an  accurately 
defined  and  stable  resistor,  R5,  into  the  drain  of  the  device. 

The  required  amplitude  of  the  calibration  signal  is  automatically 
calculated  and  controlled  by  the  micro-computer.  Calculation  of  the 
required  amplitude  for  En  measurements  is  straight  forward,  since  the  gain 
from  the  input  of  the  pre-amplifier  is  almost  independent  of  device 
operating  conditions  and  is  known  approximately.  Calculation  of  the 
calibration  signal  amplitude  for  Ino  measurements  requires  a  knowledge  of 
the  mutual  conductance,  gm,  of  the  device.  Cm  varies  as  the  operating 
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conditions  are  changed,  and  it  is  necessary  to  perform  a  trial  noise 
measurement  (using  a  very  short  integration  time)  prior  to  each  Ino 
measurement,  in  order  to  estimate  the  calibration  signal  amplitude 
required. 


3.2  Base.Voltage  Control  in  the  Bipolar  Transistor 
Pre-amplifier. 


The  only  significant  difference  in  the  circuit  design  of  the  Fet 
pre-amplifiers  and  the  bipolar  transistor  pre-amplifiers  is  the  method  for 
controlling  the  base  voltage  of  the  transistor  under  test.  The  base  voltage 
requires  to  be  set  only  over  a  limited  range  between  0.5V  and  0.8V,  and  the 
controlling  circuit  must  be  capable  of  supplying  a  current  of  up  to  a  few 
ailii-aoperes  into  the  base  of  the  transistor.  The  magnitude  of  any  noise 
which  is  introduced  into  the  base  must  be  small  and  known  accurately,  so 
that  a  correction  to  the  noise  measurement  can  be  made. 


The  base  voltage  is  controlled  by  applying  a  variable  current,  lo, 
into  an  accurately  defined  and  stable  fixed  resistor  of  a  few  Ohms,  lo  has 
two  components.  The  first  component  is  a  fixed,  very  low  noise  current 
which  is  su  ,/lied  from  the  60V  line  after  extensive  filtering.  Secondly,  a 
variable  current  is  supplied  whose  magnitude  is  controlled  by  an  OTA  which 
adjusts  the  magnitude  of  lo  to  set  the  correct  operating  base  voltage.  The 
gain  of  the  OTA  may  be  varied  to  provide  a  dynamic  filter  network  in  a 
similar  way  to  the  gate  voltage  control  circuit. 


The  base  voltage  may  be  varied  between  0.5V  and  0.8V  with  only  the 
noise  of  the  fixed  resistor  being  added  to  the  noise  measurement  of  the 
device  under  test. 


4.  FILTER  INTERFACE 

In  order  to  maximise  the  noise  signal  dynamic  range  in  the  equipment, 
it  is  desirable  to  adjust  the  signal  amplitude  at  the  output  of  the 
pre-amplifier  to  match  the  dynamic  range  of  the  filter  units.  This  has 
been  achieved  by  designing  a  Filter  Interface  which  provides  variable 
signal  gain,  controlled  by  the  micro-computer,  between  the  pre-amplifier 
and  the  filter  units. 


A  transient  voltage  swing  at  the  input  to  the  filter  units  may  cause 
the  low  frequency  filter  circuits  to  saturate,  requiring  many  seconds  for 
the  noise  signal  to  return  to  its  correct  level.  Such  voltage  swings  may 


occur  at  the  output  of  the  pre-amplifier  after  a  change  in  device  operating 
conditions.  To  allow  noise  measurements  to  begin  within  a  few  seconds  of 
changing  the  device  operating  conditions,  the  Filter  Interface  has  been 
provided  with  a  facility  for  isolating  the  input  of  the  filter  units  from 
the  output  of  the  pre-amplifier. 

A  schematic  diagram  of  the  filter  interface  i3  shown  in  Figure  8. 

4.1  Isolation  of  the  Noise  Signal  from  the  Filters 


Isolation  of  the  noise  signal  from  the  input  to  the  filter  units  is 
achieved  by  the  use  of  an  OTA,  A2  in  figure  8.  The  gain  of  A2  is 
determined  by  the  bias  current,  lb,  supplied  through  R12  and  Dl,  and  may  be 
changed  by  a  logic  control  signal.  During  normal  operation  the  gain  of  A2 
is  set  a't  a  high  value  and  the  source  of  transistor  Tl  (point  P2)  follows 
the  mean  signal  input  level  at  Pi. 
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The  signal  input  is  taken  to  buffer  amplifier  Al  whose  output  (point 
Pi)  can  be  connected  by  an  Fet  analogue  switch  ASI  to  one  of  two  positions. 
During  normal  operation  the  signal  at  Pi  is  AC-coupled  (Cl.Rl)  into  the 
input  of  aaplifier  A3.  When  isolation  is  required,  the  gain  of  A2  is 
reduced  to  zero  and  analogue  switch  ASI  connects  P2  to  Cl .  P2  maintains 
the  original  mean  signal  level  at  Pi  to  within  lmV  for  a  period  of  many 
tens  of  seconds,  decaying  with  a  very  long  time  constant  determined  by  the 
value  of  C3  and  the  gate  leakage  current  of  Tl.  When  the  output  of  the 
pre-amplifier  has  settled  to  its  correct  operating  level,  the  signal  path 
may  be  re-connected  by  ASI  and  the  gain  of  A2  increased. 

4.2  Computer  Controlled  Variable  Cain 

Variable  gain  is  provided  by  attenuating  the  noise  signal  using  a 
resistor  network,  R2  to  R5.  Each  of  the  resistors  R3,  R4  and  R5  can  be 
shorted  to  the  ground  *y  a  bipolar  transistor  analogue  switch,  each  switch 
being  set  by  a  control  code  determined  by  the  micro-computer.  The  resistor 
network  provides  eight  possible  gain  settings  over  a  range  of  approximately 
10:1.  The  gain  at  each  setting  need  not  be  defined  precisely  as  it  remains 
fixed  for  both  the  noise  and  calibration  signals.  The  micro-computer 
calculates  the  required  gain  setting  by  performing  an  initial  trial  noise 
measurement  before  measuring  the  device  noise  accurately. 

In  order  to  provide  an  accurate  calibration  of  the  signal  gain  in  the 
pre-amplifier  and  filter  units,  it  is  important  that  the  magnitude  of  the 
calibration  signal  is  very  ouch  greater  than  the  noise  from  the  device 
under  test.  To  allow  the  use  of  a  large  calibration  signal  while  keeping 
the  signal  within  the  dynamic  range  of  the  filter  units,  the  gain  in  the 
Filter  Interface  is  reduced  by  an  accurately  determined  factor  before  the 
calibration  signal  is  applied.  The  gain  determined  by  amplifier  A4  may  be 
reduced  by  operating  an  analogue  switch  AS5.  R7,  R8  and  R9  are  accurately 
defined  and  stable  resistors.  The  collector-emitter  capacitance  of  the 
grounding  transistor  in  ASS  is  sufficiently  large  for  the  collector 
impedance  to  ground  to  be  significant  at  the  highest  frequency  of  interest 
(lOOKHz).  Therefore,  to  achieve  a  gain  change  defined  to  better  than  IX, 
resistor  R7  is  connected  in  parallel  with  AS5. 

The  physical  nature  of  noise  in  most  semi-conductor  devices  is  such 
that  the  magnitude  of  the  noise  signal,  measured  in  the  range  10Hz  to 
lOOKHz,  decreases  as  the  frequency  increases.  The  noise  signal  amplitude 
in  filter  units  with  centre  frequency,  Fc,  greater  than  lOKHz  might 
therefore  be  expected  to  be  less  than  in  lower  frequency  filters.  However, 
the  operating  dynamic  tange  of  the  high  frequency  filters  is  limited  at  low 
signal  levels,  and  it  is  therefore  desirable  to  have  a  greater  signal  gain 
to  the  input  of  filter  units  with  Fc  greater  than  lOKHz.  For  this  reason  a 
second  output  from  the  Filter  Interface  is  provided  following  further 
amplification  by  AS  and  a6.  The  gain  of  A5  and  A6  is  accurately  defined 
and  is  switched  to  the  low  gain  setting  during  the  calibration  measurement, 
using  analogue  switches  AS6  and  AS7.  Resistors  RIO  and  Rll  provide  a  small 
attenuation  to  give  unity  gain  between  the  two  outputs  when  AS  and  A6  are 
in  the  low  gain  setting. 

5.  FILTER  UNITS 


After  amplification  by  the  Filter  Interface  the  noise  signal  is 
v  processed  by  a  number  of  parallel  filter  channels,  each  one  of  which 
incorporates  a  bandpass  filter  of  specified  centre  frequency,  Fc,  and  3dB 
bandwidth  of  Fc/N,  where  N  is  between  2.5  and  10.  The  ratio  of  bandwidth  to 
centre  frequency  is  increased  at  low  frequencies  to  increase  the 
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statistical  accuracy  of  the  noise  measurement.  The  noise  component  of  the 
signal  within  the  bandwidth  of  the  filter  is  rectified,  smoothed  and 
converted  into  a  pulse  train  of  frequency  proportional  to  the  ros  signal 
amplitude. 

Figure  l  is  a  schematic  diagram  of  a  filter  channel.  Amplifiers  Al 
and  A2  provide  initial  amplification  before  the  noise  signal  is  filtered  by 
bandpass  filter  F.  The  signal  path  is  AC-coupled  up  to  the  input  of  A4  to 
eliminate  the  off-set  voltage  drift  in  the  amplifiers.  Al  and  F  are 
preceded  by  low-pass  filters  <R1,  Cl  and  R2,C2)  with  a  corner  frequency  of 
approximately  8Fc.  The  low-pass  filters  remove  the  high  frequency 
components  of  the  noise  signal  which  may  otherwise  saturate  the  amplifiers 
or  the  band-pass  filter. 

The  range  of  noise  measurement  which  may  be  performed  has  been 
increased  by  varying  the  gain  of  amplifier  A2  in  the  low  frequency  filter 
units  under  computer  control.  A  feedback  resistor  on  A2  may  be  selected 
using  an  inalogue  switch,  allowing  the  gain  to  be  reduced  to  deal  with  very 
large  noise  signals  which  o3y  occur  at  low  frequencies. 

The  signal  gain  following  F  is  fixed  for  all  filter  channels. 
Amplifiers  A&  and  AS  and  diodes  Dl  and  D2  fora  a  linear  rectification 
circuit.  The  two  halves  of  the  rectified  signal  at  P2  and  P3  are  smoothed 
and  suerced  by  A7,  with  a  smoothing  tioe-constant  of  at  least  20/Fc,  before 
being  taken  to  the  Voltage-to-Frequency  Converter  (VFC).  The  gain  of  A7  is 
approximately  five,  which  is  greater  than  the  Fora  Factor  of  the  unsmoothed 
signal  at  P2  and  P3.  Thus  for  a  random  signal  the  full-scale  output  of  A7 
and  the  VFC  may  be  achieved  while  the  noise  peaks  are  still  in  the  linear 
range  of  AS  and  A6. 

The  VFC  generates  a  pulse  train  with  frequency  proportional  to  the 
signal  amplitude.  The  noise  signal  is  averaged  by  counting  the  pulses  in 
scalers  contained  in  the  Micro-computer  Interface  for  a  specified 
integration  time.  The  Micro-computer  Interface  is  a  modified  6161  MOUSE 
module. 


The  linearity  of  the  signal  response,  and  therefore  operating  dynamic 
range  of  the  filter  units,  is  limited  by  the  rectification  stage.  The  DC 
off-set  drift  of  A4,  A5  and  A6  produces  a  non-lincar  response  at  small 
signal  levels.  In  addition,  in  high  frequency  filters  the  finite  slew 
rates  of  A5  and  A6  can  introduce  distortion  into  the  rectified,  but 
unsraoolhed,  signals  at  P2  and  P3.  Non-linearity  of  less  than  1Z  can  be 
achieved  over  a  dynamic  range  of  100:1  for  Fc  less  than  lOKHz,  falling  to 
10:1  for  Fc  of  lOOKHz.  However,  the  extra  switched  gain  facility  for 
filters  with  Fc  greater  than  lOKHz  provided  in  the  Filter  Interface  allows 
the  effective  dynamic  range  of  the  lOOKHz  filter  to  be  100:1. 

The  additional  variable  reduction  in  gain  in  filters  of  frequency  less 
than  iKHz  allows  measurements  to  be  performed  on  devices  whose  noise  may 
vary  as  a  function  of  frequency,  at  any  one  operating  condition,  by  a 
factor  of  100  at  frequencies  between  IKHz  and  lOOKHz  and  by  a  factor  of 
1000  at  frequencies  less  chan  IKHz. 

5.2  Statistical  Accuracy  of  the  noise  measurement. 

■  It  is  well  known  that  a  random  distribution  of  N  numbers  about  some 
mean  value  has  a  standard  deviation  from  the  mean  which  is  proportional  to 
1/00*.  similarly,  the  statistical  accuracy  of  the  noise  measurement 
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Si  Cl)  -  »/<T.Fe)} 

where  Si  ■  Sucdard  Drriatioo  (Z) 

T  ■  Integration  Time  (Secs) 
re  *  3d5  Saadvidth  of  Filter  (Ez) 

To  obtain  adequate  statistical  accuracy  is  an  integration  period  of  only  a 
few  seconds,  the  3dB  band-widths  bare  bees  chosen  to  be  10Z  of  the  filter 
centre  frequencies  of  lEr  or  greater,  increasing  to  40Z  for  the  10 Hr 
f i Iter .  For  example,  a  10  second  integration  period  will  achieve  a  itmiird 
deviation  is  the  measured  noise  amplitude  of  approximately  1.6Z  at  11Hz  asd 
8Z  at  lOBz. 

6.  CALIB2ATED  KISS  SOCZCE 


The  requirements  of  the  calibrated  noise  source  are  to  provide  an 
accurately  defined  and  stable  white  anise  source  for  use  in  the  frequency 
range  ICHz  to  lOOEHz,  the  magnitude  of  which  is  defined  to  better  than  1Z 
over  a  dynamic  range  of  100:1. 

It  is  well  knows  (4,5)  that  a  pseudo-random  sequence  generator  cay  be 
forced  using  shift  registers  with  feedback  vis  as  exclusive  03  gate  from 
two  specific  outputs  of  the  registers.  Figure  10  is  a  schematic  diagram  of 
such  a  circuit.  The  shift  register  is  clocked  froa  an  accurate  and  stable 
crystal  generator.  In  order  to  provide  a  calibrated  noise  source  which 
exhibits  a  sufficient  degree  of  randomness  for  this  application,  it  has 
been  ^necessary  to  mix  the  outputs  of  three  pseudo-random  generators 
containing  shift  registers  of  specific  lengths.  Such  a  circuit  has  been 
reported  by  White(6). 

The  output  of  the  combined  pseudo-random  sequence  generators  is  passed 
through  a  level  changer  whose  amplitude  is  accurately  controlled  by  the 
oicro-coaputer  using  a  Digital-to-Analogue  Converter.  The  amplitude  is 
defined  to  better  than  1Z  over  a  dynamic  range  of  100:1. 

It  has  been  shown  by  White(6)  that  the  magnitude  Eo  of  the  calibrated 
noise  source  at  frequency  F  is  given  by  the  following  formula; 

Eo  -  (A/2Po)*  Sin  (tl  F/Fo)  /  (it  F/Fo) 

V  (A/2Fo)}  for  Fo  »  F 

where  A  is  the  amplitude  of  the  step  waveform  and  Fo  is  the  clock 
frequency  of  the  pseudo-random  sequence  generator. 

For  this  application  a  clock  frequency  of  1MHz  has  been  used,  and  from 
the  equation  above  it  can  be  seen  that  the  frequency  spectrum  varies  from 
that  of  a  white  noise  source  at  frequencies  approaching  lHHz,  the  deviation 
being  1JZ  at  lOOKHz.  However  this  variation  is  taken  into  account  in  the 
noise  measurement  calculation  and  no  error  is  introduced. 
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An  important  feature  of  the  equipment  i*  the  isolation  of  the  earth 
return  path  froa  the  !c(ic  circuitry,  operated  fros  *5V,  froo  that  or  the 
analogue  circuits,  operated  froa  ♦/-60V  and  ♦/-I5V.  This  wiring  scheme 
ciniaiscs  the  injection  of  noise  froa  the  logic  circuits  into  the  sensitive 
noise  aeasuriog  anplifiers.  Each  oxlulc  operates  with  two  separate  earth 
return  paths  lAich  are  joined  only  at  a  single  coaaon  earthing  point  in  the 
power  supply. 

Logic  signals  are  transferred  to  oodules  in  the  noise  seasuriog 
equipment  using  a  16-bit  coatrol  bus,  and  normally  they  are  under  the 
control  of  the  nicro-cosputer.  However,  occasionally  it  cay  be  useful  to 
control  the  equipoent  eanually,  and  for  this  purpose  thumb-wheel  switches 
are  provided  oa  the  Pre-amplifier  Controller  which  can  set  control  codes  oa 
the  bus. 

9.  TEMPERATURE  CONTROLLED  MEASUREMENTS 


The  importance  of  a  low  noise,  sains  operated  power  supply  has  been 
mentioned  earlier.  High  levels  of  noise  ia  the  supply  voltages  to  the 
pre-amplifier  coaid  degrade  the  noise  measurement  accuracy  and  licit  the 
drain  current  operating  range-  Is  order  to  achieve  sufficiently  ]o»  noise 
and  stable  D.C.  vottage  supplies,  it  has  been  necessary  to  design  a  unit 
which  fulfills  the  requirements  of  the  analogue  and  digital  circuitry 
within  the  noise  censuring  equipment.  Voltage  levels  of  */-6C7,  ♦/-15V  and 
*5  V  are  supplied. 

An  internally  screened  sains  transformer  is  equipped  with  three 
secondary  windings.  Each  secondary  winding  is  taken  to  an  A.C.  full-wave 
rectifier  and  a  choke-input  filter  providing  high  attenuation  to  ICCS2 
sains  ripple.  Stabiliser  circuits  provide  constant  cutout  voltages  up  to 
wxiaeo  current  licit*  and  incorporate  circuitry  for  protection  against  an 
over-load  or  short-circuit  condition. 


Cooled  oeasurecents  cay  be  performed  by  counting  the  device  in  a 
cryostat  asseably  which  is  connected  to  the  pre-aaplifier  by  a  co-axial 
cable.  The  device  is  counted  on  a  platforc  which  is  in  contact  through  a 
known  thereal  resistance  with  a  cold  finger  iecersed  in  liquid  nitrogen. 

The  temperature  of  the  device  is  controlled  between  79  °K  and  350°K  to 
within  1  K  by  applying  heat  to  the  platforc  through  an  electrical 
resistance,  while  oonitoring  the  device  temperature  with  a  ther co-couple.  i 

The  Teoperature  Controller  autosatical ly  sets  the  device  to  the  | 

required  teoperature  and  a  unit  sicilar  to  the  oce  used  here  has  beta  < 

reported  previously(7).  i 
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10.  C0SCICS105S 


Investigation  of  the  sources  of  low  frequency  noise  ia  Fees  and 
selection  of  devices  for  use  is  Infra-red  detection  and  X  and  Craj  ray 
*P<ctroaetry  require  accurate  noise  measurements  to  be  cade  on  devices 
vbose  operating  conditions  can  be  accurately  controlled  over  a  wide  range. 

A  coapater  controlled  noise  measuring  equipment  has  been  developed 
which  can  automatically  aeasare  the  noise  of  Fees,  JPS  and  PS?  bipolar 
transistors  ia  the  temperature  range  79°K  to  350  k  to  an  accuracy  not 
previously  attainable.  Circuit  design  features  such  as  dyaasic  filtering 
ia  the  pre-anplifiers  allows  the  devices  operating  conditions  to  be  varied 
rapidly  between  noise  measurements  without  loss  of  measurement  accuracy. 
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APPENDIX  A 


The  accuracy  of  each  noise  ©easurecent  is  to  some  extent  dependent  on 
the  device  characteristics  and  the  current  range  over  which  it  is  being 
operated.  A  coaplete  specification  of  the  noise  equipment  and  its 
coasureaent  accuracy  is  given  else«here(8).  However,  the  absolute  error  on 
a  noise  oeasuresent  is  typically  less  than  22  at  lOOKHz,  increasing  at  low 
frequencies  to  42  at  10Hz.  The  comparative  error  between  different  devices 
neasured  under  the  saoe  conditions  is  typically  less  than  12  at  lOOKHz  and 
22  at  10Hz. 


The  table  below  shows  the  result  of  noise  oeasuresents  perforeed  on 
some  typical  devices  at  rooa  temperature.  The  drain  voltage  is  4  V  in  each 
case.  The  integration  tiae  is  100  seconds,  giving  a  statistical  standard 
deviation  of  3i2  at  10Hz,  reducing  to  0.072  at  100  KHz. 


NOISE  IN  nV(Hz)'! 

Device 

Drain 

Current 

100K 

Frequency  (Hz) 

10K  IK  75K 

10 

VX11012* 

30oA 

0.443 

0.469 

0.736 

0.928 

1.39 

0309 

lOnA 

1.09 

1.11 

1.12 

1 .38 

2.14 

2N4416 

4aA 

2.18 

2.99 

4.61 

9.37 

12.3 

BF800 

0.3cA 

6.43 

7.18 

10.4 

23.3 

50.7 

Noise  taeastireoents  performed  on  sone  typical  devices  with  4V  drain  voltage 
and  100  secs  integration  time. 


APPENDIX  B 


Noi$e  in  the  Drain  Current  Supply  Circuit 

The  drain  current  may  be  considered,  for  purposes  of  noise 
calculation,  in  the  first  instance  as  being  generated  by  applying  a 
variable  voltage  V  across  a  fixed  resistor  Rl.  The  full-scale  value,  Ita, 
of  drain  current  is  Vo/Rl,  where  Vo  is  the  maximum  value  or  V. 

The  major  noise  source  in  the  circuit  is  the  thermal  noise  of  Rl, 
which  injects  a  noise  current  Ini  into  the  drain  of  the  device  under  test. 
Ini  is  given  by:- 

Inl  »  (4KT/R!)*  A(Hz)~*  ...  (1) 

Where  K  is  Boltzmann's  constant  in  JK  * 

and  T  is  the  temperature  in  degrees  Kelvin. 

Rl  is  in  Ohms. 

Noise  in  the  Fet  under  test  may  be  generated  from  a  number  of  sources, 
and  at  low  frequencies  is  strongly  dependent  on  device  operating 
conditions.  However,  at  all  frequencies  the  Fet  noise  will  never  be  less 
than  that  due  to  the  thermal  agitation  of  carriers  in  the  channel,  which 
may  be  expressed  as  a  noise  current  in  the  drain  given  by:- 

Ino  *  (4KT  ga2()*  A(Hz)~*  ...  (2) 

and  go  -  C.(Id)*  AV_1  .  <3> 

where  go  is  one  mutual  conductance  of  one  device, 

Id  is  the  drain  current  supplied, 

%  and  C  are  constants. 

Therefore,  from  equations  1,  2  and  3,  the  ratio  of  noise  current  from 
the  Fet  under  test  to  the  excess  noise  current  from  Ri  is:- 

Ino/Inl  -  Id*  (Rl U  C>*  ...  (4) 

■  Id*  (VoXC/Im)*  ...  (5) 

Thus  the  accuracy  of  the  noise  measurement  is  dependent  on  Vo  and  the 
drain  current  operating  range,  that  is,  the  ratio  of  Id  to  Im.  In  order  to 
allow  a  sufficiently  wide  range  of  dram  current  in  each  pre-amplifier 
while  maintaining  the  noise  measurement  accuracy,  it  has  been  necessary  to 
use  a  value  of  Vo  of  ♦60V. 

In  practice,  the  dram  current  is  supplied  through  three  resistors  R6, 
R7  and  R8  shown  in  figure  7.  R8  supplies  only  a  small  current  equal  to 
the  cascode  current,  and  is  sufficiently  large  for  its  noise  contribution 
to  be  negligible.  The  majority  of  the  dram  current  is  supplied  through 
resistor  R7  which  makes  the  most  significant  contribution  to  the  noise 
signal.  When  operating  at  a  dram  current  of  !/20th  full-scale,  R7  may 
increase  the  total  noise  measured  by  5 X.  To  increase  the  measurement 
accuracy  at  the  lower  limit  of  the  drain  current  dynamic  range,  a  first 
order  correction  is  made  m  the  noise  calculation  which  subtracts  the  noise 
of  R7  by  estimating  the  mutual  conductance  of  the  device  from  the  lOOKHz 
noise  measurement.  This  correction  assumes  that  the  equivalent  noise 
voltage,  En,  of  the  device  measured  at  lOOKKz  is  largely  chat  due  to  the 
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thermal  agitation  of  carriers  in  the  channel,  and  is  given  by: 

En  -  (iKTi/gn)*  V(Hz)'! 

Other  sources  of  noise  in  the  drain  current  supply  circuit  are  as 
follovs:- 

(i)  noise  from  the  +60V  supply  line, 

(ii)  the  eaitter  resistance  noise  and  base  spreading 
resistance  noise  of  T4  and  T5, 

(xii)  noise  in  T4  and  T5  due  to  finite  base  current. 

Noise  from  the  +60V  supply  line  raay  be  injected  into  the  drain  through 
resistors  R6,  R7  and  R8,  and  it  is  essential  that  the  supply  voltage  is 
generated  froa  a  relatively  low  noise  source.  Additional  filtering  of  the 
+60V  line  is  provided  in  the  pre-aoplificr. 

Capacitors  Cl,  C2  and  C3  provide  a  low  impedance  path  for  the  noise 
Cron  the  filtered  +60V  supply  line  to  the  base  of  transistors  T3  and  T4; 
this  serves  to  cancel  the  supply  line  noise  in  the  currents  through 
resistors  R3,  R6  and  R7.  The  value  of  resistor  R8  is  sufficiently  high  for 
the  noise  current  injected  into  the  drain  from  the  filtered  +60V  line  to  be 
negligible.  K5  and  C3  provide  attenuation  to  any  other  noise  voltage  which 
oay  be  present  at  the  base  of  transistor  T4  froa  whatever  source. 

The  base  current  noise  from  the  transistor  which  supplies  the  drain 
current  has  been  reduced  by  the  use  of  a  dual  transistor  configuration,  T4 
and  T5,  which  requires  only  a  very  small  base  current  m  each  transistor. 
The  supply  of  additional  current  to  the  emitter  of  T4  through  resistor  R6 
results  in  a  lower  emitter  resistance  noise  m  T4  than  would  be  achieved 
with  a  true  Darlxngton-pair  circuit,  although  the  base  current  noise  in  T4 
is  increased.  The  best  compromise  between  these  two  noise  sources  in  T4  is 
achieved  by  setting  the  value  of  R6  to  be  approximately  10  x  R7.  It  has 
been  found  that  the  magnitude  of  the  base  current  noise  at  a  given 
collector  current  increases  at  low  frequencies,  typically  an  increase  by  a 
factor  of  five  is  observed  between  the  partition  noise  measured  at  lOOKHz 
and  10Hz.  However,  the  use  of  a  dual  transistor  configuration  results  in  a 
negligible  contribution  from  base  current  noise  to  the  dram  current  supply 
under  all  operating  conditions. 

The  contribution  to  the  drain  current  supply  froa  the  emitter  and  base 
resistance  noise  of  T4  and  T5  is  determined  by  the  values  of  R6  and  R7 
respectively.  The  use  of  a  supply  voltage  as  high  as  ♦SOV  allows  R6  and  R7 
to  be  sufficiently  high  for  this  noise  contribution  to  be  negligible. 
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DEVICE  XS01 


SUBSTRATE  VOLTS 

AERE  -  R  10642  f«g  1 

The  variation  of  the  low  frequency  noise  of  a  JFet  with  substrate  voltage  and  temperature 


AERE  -  R  10642  Fig  3 
Block  diagram  of  the  noise  equipment 


INVERTING 
INPUT  OF 
2ND  STAGE 


